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INTRODUCTION
The seismic assessment of existing structures and their response 
under dynamic loading is always subjected to a certain degree of 
uncertainty, depending on the level of knowledge of the building 
and ground conditions.
Two aspects play a major role when defining the seismic 
response of buildings, i.e., the seismic vulnerability of the structure 
according to exposure and the evaluation of the design criteria for 
the seismic displacement at the surface, comprising the contribu-
tion of local site effects on seismic motion (local seismic response).
The role of the top soils and artificial or man-made fillings on 
the effective seismic response, as well as the current condition of 
the building’s foundations, is generally not considered when 
performing the seismic response analysis for existing structures.
For standard buildings, the design spectra associated for per-
formance-based seismic design are evaluated on the basis of the 
equivalent VS30 (weighted average of the shear velocity in the 
first 30 m) (CEN 2003). On the other hand, seismic microzona-
tion studies are generally focused on the geological setting, dis-
regarding the disturbance of the geological conditions induced 
by the construction and the existence of the man-made fillings 
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ABSTRACT
The reconstruction of the current status of a historic building is essential for seismic safety assess-
ment and for designing the retrofitting interventions since different safety and confidence factors 
have to be assumed, depending on the level of information about the subsoil structure. In this work, 
we present an investigation of the shallow subsurface below and around a historic building affected 
by differential settlements in order to define its geometry and to characterise its stiffness at low 
strain. To this end, we employed high-resolution electrical resistivity and seismic (both P-wave and 
S-wave) tomographies. A three-dimensional electrical resistivity tomography survey was performed 
to obtain more information about the type and the maximum depth of the building foundation. 
Electrical resistivity and seismic tomographies were carried out alongside the building, aimed at 
imaging the top soils and the near-surface geometry. The corresponding inverted models pointed out 
a remarkable heterogeneity of the shallow subsoil below the building, which is partly founded on a 
weathered layer and partly on a more rigid lithotype. This heterogeneity is probably a concurrent 
cause of the building’s instability under both static and seismic loading. Our results demonstrate that 
the man-made fillings and the top soils have to be thoroughly investigated to fully understand the 
soil-structure behaviour. In this light, the integration of non-invasive high-resolution geophysical 
techniques, especially tomographic methods, has been proved to properly address the problem of 
imaging the shallow subsoil.
below the foundation level. However, the seismic properties of 
artificially deposited soils and fill are very important in historical 
centres because of their significant thickness and low stiffness, 
and they are too often disregarded because invasive methods may 
not be conveniently apply on large areas in such urban contexts. 
Furthermore, the level of knowledge about the building founda-
tions is generally limited to their geometry (if schematic draw-
ings are available) or on punctual sampling of materials and 
direct inspection (like trench excavations and sampling), which 
can be applied only on limited portions of the building. Although 
direct inspection and invasive tests are always required in engi-
neering design, little attention is generally given to the great 
diagnostic potential achievable today by high-resolution (HR) 
non-destructive methods. These techniques can be useful for 
assessing the ground conditions, the foundation type, and the soil 
layering in order to plan the retrofitting interventions of existent 
structures.
The determination of the current status of buildings via non-
invasive methods is a topic not yet covered by technical stand-
ards and, unfortunately, not yet considered as best practice 
among structural experts, mainly because the application of HR 
geophysical investigations to structural targets is a relatively new 
technology that has emerged in the past decades, with successful 
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Seismic methods have a great diagnostic potential for engi-
neering applications since variations in compressional (P-wave) 
and shear (S-wave) seismic velocities are associated to analo-
gous variations in shear strength and soil stiffness at low strain. 
In particular, for engineering applications, seismic refraction 
tomography (SRT) has now superseded the conventional refrac-
tion interpretation that works only when seismic velocity is 
continuously increasing with depth (Pelton 2005). The combina-
tion of both P-wave and S-wave models can lead to the estima-
tion of the Poisson’s ratio directly connected to porosity and 
elastic displacement calculations (Lancellotta 2009). The diag-
nostic potential of the seismic methods strongly depends on the 
site conditions and ground response, particularly to achieve the 
HR required for a small-scale survey.
The integration of HR seismic and electrical tomography 
applied to the diagnosis of the stability of existing buildings is 
the main goal of this work, which has been divided into five main 
steps as follows:
1.  definition of the reference geological setting through two-
dimensional (2D) ERT and seismic tomography investiga-
tions executed in the surroundings of the building;
2.  identification of the geometry of the soil foundations of 
the building using 3D ERT arrays;
3.  focus on the top soil by integrating 2D ERT and seismic 
tomography investigations;
4.  definition of a representative model of the shallow subsoil 
and soil foundations to be used both for static and seismic 
verifications;
5.  validation of a geophysical model through excavations and 
geotechnical investigations.
This experimental procedure has been applied to a historical 
building, near the town of Rieti (Central Italy), which has been 
damaged by the recent seismic earthquakes in Central Italy 
(2009 and 2016).
EXPERIMENTAL PROCEDURE
Site description
The study site is located near the town of Rieti (Central Italy), 
around 80 km north of Rome, at a distance of 40 km from the 
epicentre of the major earthquake (M
w=6.0) occurred in August 
2016. The structure under examination, built in 1910, is a two-
floor masonry building (Figure 1a) used as a national research 
centre for agricultural studies.
The geophysical survey discussed in this paper was conduct-
ed in 2015 before the last seismic sequence. At the time of the 
geophysical survey, the building showed numerous cracks and 
fractures detected on the load-bearing walls and possible differ-
ential settlements phenomena occurred in the soil foundations. 
From a preliminary visual inspection, thick cracks were identi-
fied on the southern load-bearing walls (Figure 1b), related to the 
2009 L’Aquila earthquake. The foundations of the building, 
inferred from the available historical information, are supposed 
application not only to large infrastructures such as inspection of 
dams (e.g., Niederleithinger, Weller and Lewis 2012; Cardarelli, 
Cercato and De Donno 2014) and characterisation of river 
embankments (e.g., Busato et al. 2016) but also to standard resi-
dential buildings (Cardarelli, Cercato and Di Filippo 2007; 
Soupios, Loupasakis and Vallianatos 2008).
By using non-invasive geophysical techniques, our under-
standing of the subsoil geometry and the soil-structure interac-
tion can be greatly improved. The geophysical prospection must 
be properly chosen and designed to match the required target 
depth and resolution as a function of the size of the building. 
More specifically, the experimental measurements should be 
focused on the following two main problems:
(1)  the reconstruction of the geometry of the foundations of the 
building and of the underlying soil deposits, with particular 
focus on the man-made and artificial deposits that are not 
mapped in standard microzonation studies;
(2)  the in situ determination of selected parameters characteris-
ing the shape and physical condition of the building founda-
tions to guide the type, extent, and urgency of the seismic 
retrofitting intervention.
Electrical resistivity tomography (ERT) can be a flexible and 
reliable tool for the characterisation of the shallow subsoil 
(Samouëlian et al. 2005; Sultan and Santos 2007) and building 
foundations as long as three-dimensional (3D) arrays are 
employed (Soupios et al. 2007; Cardarelli et al. 2016). Electrical 
resistivity can be directly linked to changes in soil composition 
and saturation, as well as to the presence of buried foundations, 
generally exhibiting high resistivity values. This technique is 
rapid and low budget, and can investigate significant volumes, 
although, when investigating the subsoil under the building’s 
footprint, the achievable resolution strongly decreases with depth 
and with the distance of the electrode array from the building 
perimeter. To achieve the HR required for investigating relatively 
small structures, it is crucial to strike a balance between the 
depth of investigation and the electrode spacing. However, when 
one has to face a multi-layered scenario with numerous resistive 
to conductive transitions, which is often the case in the near 
surface, the effective thickness of the layers can be biased and 
using ERT alone may not be enough to unambiguously remove 
the interpretation ambiguities in the inverted models. The invert-
ed model appraisal (model resolution matrix and sensitivity 
(Binley and Kemna 2005)) obtained by means of the calculation 
of piecewise parameters is a straightforward indicator of the 
credibility of the inversion solutions and may help in avoiding 
over-interpretation of inversion artefacts.
In an effort to reduce the degree of uncertainty, geoelectrical 
methods have often been linked to geotechnical data (Sopuios et 
al. 2008; Sudha et al. 2009), obtained under static loading and up 
to permanent deformation using, for instance, standard penetra-
tion test (SPT) or cone penetration test (CPT) investigations 
(Paasche et al. 2013).
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The geological background is characterised by fractured 
carbonate units, which comprise the Mts. Sabini-Reatini ridg-
es, belonging to the Meso-Cenozoic units of the Umbro–
Sabina domain, where a groundwater circulation is present. In 
the seismic microzonation map of the municipality of Rieti, 
the site under investigation is located within the travertine 
outcropping area, with variable soil thickness above the trav-
ertine bedrock.
Data acquisition and processing
Figure 2 presents a plan view (Figure 2a) and a cross section 
(Figure  2b) of the building reporting the entire geophysical 
survey. The 2D tomographic investigations (electrical resistiv-
ity and P- and SH-wave seismic tomographies) are located 
along three lines (L1, L2, and L3 in Figure 2). With reference 
to the main steps described in the introduction, we used the L2 
and L3 lines for reconstructing a geophysical model of the 
undisturbed shallow subsoil, whereas a more focused HR sur-
vey was executed on the L1 line, for assessing the soil condi-
tions affecting the building. Three-dimensional ERT data were 
acquired near the building on the C- and L-shaped arrays 
(Figure 2) for imaging the shape of the foundations. Elevations 
and depths are all expressed with respect to a zero-reference 
point (position of electrode/geophone 1 of the L1 line). There 
is a noticeable elevation change within the study area from 
south to north (around 2.5 m).
In the late spring of 2017, the excavation of two trenches 
(cross points in Figure 2) and the execution of an SPT (reverse 
triangle point) allowed us the validation and helped the geologi-
cal interpretation of the geophysical results.
to be equally spaced masonry walls (strip footings) about 1 m 
wide and probably extended up to a depth ranging from 1.5 to 
2.5  m.
Figure 1 (a) Main building of the research centre under investigation. 
(b) Front view of the building where cracks in the southern load-bearing 
walls are marked with black lines.
Figure 2 (a) Location of the geo-
physical and geotechnical survey 
at the site under investigation. 
(b) A–A’ cross section of the 
study site.
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within the EIDORS environment (Adler and Lionheart 2006). This 
algorithm is capable of performing both 2D and 3D inversions by 
solving the forward problem with a finite-element approximation 
of Laplace’s equation governing the physical problem (De Donno 
and Cardarelli 2014). The inversion is carried out using a Gauss–
Newton formulation where the optimum damping factor is chosen 
at each iteration (De Donno 2013). An example of finite-element 
meshes (built for forward solution, where also the finite length of 
the electrodes is taken into account) is shown in Figure  3c 
(L-shaped array) and in Figure 3d (C-shaped array). Although it is 
possible to add a priori information to the inversion process; in 
Electrical resistivity tomography
Two-dimensional ERT data were acquired using a 48-electrode 
IRIS Instruments SyscalPro48 using a combination of dipole–
dipole and Wenner–Schlumberger configurations with stainless 
steel electrodes spaced apart by 1 m (L1, L2) and 2 m (L3). Three-
dimensional acquisitions were performed by means of a dipole–
dipole configuration on L-shaped (29 × 11 electrodes, Figure 3a) 
and C-shaped (14 × 18 × 14 electrodes, Figure 3b) arrays. These 
arrays combine robust signal strength with satisfying resolution 
and good depth of investigation. The ERT measures were inverted 
using the VEMI algorithm (De Donno and Cardarelli 2017a) built 
Figure 3 Three-dimensional elec-
trical acquisition on (a) the 
L-shaped and (b) the C-shaped 
arrays. Finite-element meshes 
used for forward computation for 
(c) the L-shaped and (d) the 
C-shaped arrays.
Figure  4 (a) P-wave and (b) 
SH-wave acquisition on the L1 
line.
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RESULTS
Geological setting
The reference geological setting was evaluated through the com-
bined analysis of the tomographic inversions (ERT and SRT) on 
the L2 and L3 lines. The L2 line (elevation of about 2 m above 
the main building) consisted only of P-wave data.
The ERT inverted model of the L3 (Figure  6a) line exhibits 
three main layers: two conductive layers (resistivity ρ < 20 Ωm for 
the shallower layer and about 50–60 Ωm for the middle layer) 
overlying a resistive formation (ρ > 400 Ωm), dipping northwards 
up to a maximum depth of 17–18 m. The resistive layer may cor-
respond to the travertineous formation. The L2 line (Figure  6b) 
shows a slightly different behaviour: the inverted section is a four-
layer model where a resistive layer (ρ = 200–400 Ωm) can be seen 
between the two conductive units. The shallower conductive layer 
(x = 0–20 m) cannot be interpreted as a natural lithotype because 
it is the result of a rearrangement of the slopes in this zone. 
Overall, the model confirms the resistivity range for the deeper 
units (travertine and overburden) while a shallow resistive layer is 
now visible that may be related to a coarse-grained overburden.
The L3 seismic tomography lines (P- and SH-waves) are 
displayed in Figures 7a and 7b, respectively. The subsoil layering 
inferred from ERT is confirmed, adding information about the 
elastic properties at low strain of the lithological units. In fact, 
the conductive shallow layer is associated with low P-wave 
(350–550 m/s) and SH-wave (150–250 m/s) velocities, indicative 
of a weathered material. Below, the P- and SH-wave velocities 
increase progressively up to 850 and 300 m/s, respectively. Since 
the maximum depth of these models is 9 m, the travertineous unit 
(V
P > 1000 m/s; VS > 400 m/s) is reached only in the left (south-
ern) side of the model (x = 0–5 m) in Figure 7a, corresponding 
this particular case, we made no preliminary assumption on the 
soil layering.
Seismic refraction tomography
Seismic tomography data were recorded employing a 48-channel 
system of 4.5-Hz vertical (P-wave) and 8-Hz horizontal 
(SH-wave) geophones at 1-m spacing. The source was a 7-kg 
hammer source on a steel plate (P-wave, Figure 4a) and a light-
weight aluminium source (SH-wave, Figure  4b) using a 
Geometrics Geode seismograph at a sampling rate of 0.125 ms. 
Both acquisitions were performed with a geophone streamer, 
made up by abrasion-resistant steel tripod plates connected and 
towed by a high tensile-strength band. For each shot gather, the 
first arrivals were manually picked, and travel-time inversion was 
performed using the algorithm described in Cardarelli and de 
Nardis (2001), employing the linear travel-time interpolation 
method for ray tracing (Asakawa and Kawanaka 1993) and the 
iterative biconjugate gradient algorithm for travel-time inversion 
(Cardarelli and Cerreto 2002). This software can also deal with 
velocity inversions. The initial model has been inferred from the 
soil layering obtained by resistivity inversion.
In Figure 5, an example shot gather is illustrated for the seis-
mic tomography L3 line, where good-quality first arrivals could 
be picked, as shown in Figure  5a (P-wave) and Figure  5b 
(SH-wave). For SH-wave, picking was facilitated by overlapping 
two opposite-polarity records at each shot location (Figure 5b). 
The prevalent frequency content of the seismic signals inferred 
from the Fourier amplitude spectra of the seismograms 
(Figures 5c and d), after a few near-offset traces, is not particu-
larly high, i.e., around 150–200 Hz for P-wave and 70–120 Hz 
for SH-wave.
Figure  5 Example P- and 
SH-wave shot gathers. (a) Raw 
P-wave seismogram with picked 
P-wave arrivals (dashed line). (b) 
Raw SH-wave seismogram with 
picked S-wave arrivals (dashed 
line). For each receiver position, 
the two traces corresponding to 
the opposite shot directions (solid 
black line and solid grey line, 
respectively) are superimposed to 
enhance picking by phase opposi-
tion of the polarised shear wave. 
(c) Fourier amplitude spectrum of 
selected traces for the P-wave 
seismogram in Figure  5a. 
(d) Fourier amplitude spectrum of 
selected traces for the SH-wave 
seismogram in Figure 5b.
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using 3D ERT. This step is needed due to the unavailability of the 
design plans of the building’s foundations. The results of the 3D 
ERT inversion are reported in Figure  9 in terms of a volumetric 
representation of the high-resistivity areas corresponding to the 
foundation walls (resistivity > 400 Ωm) for both arrays (L-shaped 
in Figure 9a and C-shaped in Figure 9b). The superposition of the 
main building’s footprint on the electrical model is consistent in 
both cases, and the interpretation of the resistivity anomalies in 
terms of the geometry of the foundation elements is accurate. In 
fact, the highest resistivity values are retrieved along both the x- and 
y-directions, indicating that the foundations could be strip footings 
located underneath the load-bearing walls. Since the resolution of an 
ERT survey strongly depends on the array choice, particularly for a 
3D investigation, we mapped in Figures 9c and 9d the cumulative 
sensitivity (Park and Van 1991; De Donno and Cardarelli 2017b) of 
the two electrode configurations (C- and L- shaped, respectively). 
Overall, sensitivities lower than 10-5 can be associated to low cred-
ibility zones (Nguyen et al. 2009). Consequently, the volumetric 
representations shown in Figures 9a and 9b were restricted only to 
zones with sensitivities higher than 10-5. Finally, the ERT recon-
struction has been compared with the supposed location of the 
to x = 15–20 m in Figure  6a, where it is found at shallower 
depths, also by ERT.
The initial model for inversion of the P-wave dataset for the 
L2 line (Figure 8) was set up on the basis of the layer geometry 
inferred from ERT inversion because it is likely to have a veloc-
ity inversion given the high heterogeneity in the shallow subsur-
face. The final model (root-mean-square error (RMSE) = 12.2%) 
displays low- to high-velocity transitions that correspond to the 
interfaces detected by the ERT inverted model.
The investigation of the virtually undisturbed geological set-
ting has pointed out a remarkable variability of the depth of the 
travertine unit within the site, together with relatively poor elas-
tic characteristics of the shallow sediments and the travertine 
itself. The effective layout of the subsoil, inferred from the com-
bined use of the electrical and seismic tomographic models, has 
been set as the geological reference model for the further inves-
tigations to be performed near the building.
Building foundation
The second step in the evaluation of the soil-structure system is the 
identification of the type and shape of the building foundations 
Figure  6 Two-dimensional ERT 
inverted models of (a) the L3 and 
(b) the L2 lines. The location of 
the seismic tomography model is 
marked with a white dotted line. 
The interfaces between different 
layers are represented by dashed, 
dotted, and dash-dot black lines.
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the initial model for inversion of seismic refraction data. The 
starting seismic model for inversion was calibrated on the layer 
geometry identified by ERT, with P- and SH-wave mean 
velocities inferred from the L1 SRT model, whereas for the 
middle resistive formation (coarse-grained overburden), values 
of 700 and 300 m/s are assigned to P- and SH-wave velocities, 
respectively. Results of SRT inversion are shown in Figures 11a 
(P-wave) and 11b (S-wave). Both models exhibit relatively low 
values of RMSE (11.4% and 9.9%). The moderately stiff trav-
ertine (VP > 1000 m/s; VS > 400 m/s) emerges only in the right 
part of the models (outside the building), whereas elsewhere, it 
is located at a depth of about 8 m (Figure 11). The layer geom-
etry (shape and depth of the interfaces) is comparable with that 
recovered by ERT, and the final models confirm the velocity 
inversion at a depth of around 5 m. The S-wave model exhibits 
lower resolution with respect to the P-wave one, mainly due to 
an increase level of uncertainty in the picking of travel times. 
In fact, we have less ray paths for S-wave with respect to the 
P-wave. Since we aimed to fit data with a comparable error 
level, this issue leads to a flatter final model, as compared with 
the P-wave one.
Validation of the geophysical model
At the end, the geophysical results were validated by the aid of 
direct excavations of the shallow portion of the subsoil and an 
foundation walls (dotted lines). The good correspondence between 
ERT models and the expected location of the walls confirms that 
foundations are strip footings that might be extended up to 2–2.5 m 
and therefore interact only with the shallower part of the subsoil.
Top soil and the artificially deposited layer
Given the geological stetting and the type of foundations 
observed above, we further investigate the top soil through HR 
tomographic reconstruction focused on the building area (L1). 
Figure  10 shows the results of the tomographic inversion of 
electrical resistivity data acquired along the L1 line, where the 
building profile is superimposed for clarity. The inverted model 
indicates a four-layer configuration, where the travertine is 
recovered, under the building, at a depth of 8 m (ρ > 400 Ωm). 
Above the calcareous formation, we recovered the same layering 
(conductive–resistive–conductive), as in the L2 line. Therefore, 
we can associate the deeper conductive units to a fine overburden 
(depth of 5–8 m, ρ = 60–70 Ωm) and the shallower ones to a 
weathered material (depth of 0–2 m, ρ = 20 Ωm). The latter layer 
is seen only in the first part of the model (x = 0–22 m), whereas 
in the second part (x = 22–34 m), the resistive formation emerges 
(ρ = 200–400 Ωm), probably related to the coarse-grained 
sediments seen on the L2 line (Figures 6b and 8).
Given this layout, it is likely to have a velocity inversion in 
the corresponding seismic profile. We add this information in 
Figure 7 SRT inverted models of 
the L3 line. (a) P-wave model. (b) 
SH-wave model. The interfaces 
between different layers are rep-
resented by dashed black and 
white lines.
M. Cercato and G. De Donno74
© 2018 European Association of Geoscientists & Engineers, Near Surface Geophysics, 2018, 16, 67-78
blow counts are similar to those of the interfaces detected by the 
employed geophysical methods. The blow counts pertaining to the 
travertineous unit (z > 8 m) can be associated to a medium-stiff 
lithotype according to normally adopted criteria (Bowles 1996).
DISCUSSION
The HR inverted models pointed out that the building is founded 
on a highly heterogeneous subsoil. The conductive weathered 
layer, extended up to the middle of the building, has very poor 
elastic properties (VP = 350 m/s and VS=150 m/s), leading to a 
Poisson’s ratio around 0.35–0.4. The resistive lithotype emerging 
on the northern part of the building (coarse-grained sediments) is 
more rigid, with VP = 600–700 m/s and VS=250–350 m/s 
(Poisson’s ratio of 0.3–0.35). Since the building is founded on 
shallow foundations (0–2 m), it is likely that this heterogeneity 
is a concurrent cause of the building’s instability.
Overall, the two tomographic models (electrical resistivity 
and seismic refraction) have fulfilled the HR requirement for 
SPT investigation. The excavations, located as shown in Figure 2a 
(cross points), were performed using trenches extended up to a 
depth of 2.5 m (Figures 12a and 12b), where the lower bound of 
the foundation was reached accordingly to the ERT evidence. 
After a visual inspection of the trenches, we can confirm the 
presence of the foundation walls along the perimeter of the build-
ing (Figures  12a and 12b). Additionally, Figure  12a highlights 
the presence of masonry structures that extend laterally beyond 
the building perimeter: this is consistent with the high resistivity 
values shown in the resistivity model in Figure  9b outside the 
building footprint (y > 16 m in Figure 9b).
Results of the SPT (reader can refer to Figure 2a for its loca-
tion) are reported in Figure  12c (blow counts as a function of 
depth). The blow counts were also superimposed to the ERT and 
SRT models (Figures 10 and 11, respectively) to give a straightfor-
ward validation of the geophysical results. The combined analysis 
of the results confirms the four-layer configuration of the subsoil, 
where the depths of the transitions between high and low SPT 
Figure  8 SRT P-wave inverted 
models of the L2 line. The inter-
faces between different layers are 
represented by dashed, dotted, 
and dash-dot black lines.
Figure  9 Volumetric representa-
tion of the 3D ERT inverted mod-
els for detecting foundations. 
(a) L-shaped array model. 
(b) C-shaped array model. Only 
values higher than 400 Ωm are 
represented. The location of the 
building foundations (dotted 
lines) is superimposed to the 
models. Cumulative sensitivities 
for (c) the L-shaped and (d) the 
C-shaped arrays.
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tomographic reconstruction limited to moderate offsets, leading 
to small investigation depths. For these reasons, it is advanta-
geous to integrate the results of electrical and seismic tomogra-
phy because of their complementarity.
In our case study, there are no significant differences between 
P- and SH-wave models in terms of layer geometry so that the 
investigated subsurface exhibits a low value of water saturation, 
small-scale engineering applications, although with differences 
in terms of depth of investigation and loss of resolution with 
depth. Electrical methods investigate remarkable depths com-
pared with the array spread, although with resolution loss with 
depth. On the other hand, the quality of the seismic tomography 
inversion is affected by the high attenuation of the body waves 
with distance for such low-stiffness materials, which results in a 
Figure 10 Two-dimensional ERT 
inverted model of the L1 line. The 
location of the seismic tomogra-
phy model is marked with a black 
dotted line. The interfaces 
between different layers are rep-
resented by dashed, dotted, and 
dash-dot black lines. The result of 
the SPT shown in Figure  13c is 
superimposed with a black solid 
line.
Figure  11 SRT inverted models 
of the L1 line. (a) P-wave model. 
(b) SH-wave model. The inter-
faces between different layers are 
represented by dashed black and 
white lines. The result of the SPT 
shown in Figure 13c is superim-
posed with a black solid line.
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tions need to be investigated as a whole system. To this aim, the 
3D geoelectrical survey has an enormous diagnostic potential due 
to its capability of pointing out the type and the geometry of the 
buried foundations and to its versatility in the array shape, which 
allows the method to be employed for highly irregular buildings.
An accurate geophysical reconstruction can also improve the 
cost effectiveness of the invasive tests by reducing the number of 
boreholes required for the geological and geotechnical 
with the water table being estimated at a depth larger than 20 m 
at the time of the survey.
The S-wave measurements provide additional benefits: the 
capability of pointing out low-stiffness areas of the top soil 
(independently from the water content) and use of the shear 
velocities for immediate use in seismic verification.
In the case of historic buildings, the construction details are 
often unknown. The subsoil geometry assessment and soil founda-
Figure  12 Trenches excavated 
for the validation of geophysical 
results marked as (a) T1 and 
(b) T2 in Figure 2a. (c) Results of 
the SPT investigation expressed 
in terms of blow counts as a func-
tion of depth.
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characterisation. In this case study, a posteriori direct inspections 
(trenches and SPT investigation) confirmed the geophysical 
reconstruction in terms of the type of foundation, layer geometry, 
and lithotypes.
CONCLUSION
In this research we have investigated the potential and limits of an 
experimental procedure encompassing HR tomographic recon-
struction of electrical and seismic models, for assessing the causes 
of instability due to spatially varying seismic displacement below a 
historical building.
Firstly, a detailed reconstruction of the in situ geological con-
dition was achieved through a combined use of ERT and SRT, 
where the depth of the travertineous layer below the overburden 
varies significantly within the study site. The range of variation 
of the main geophysical parameters (electrical resistivity and P- 
and S-wave velocities), inferred from these models, was set as a 
reference for tuning the results obtained from the geophysical 
survey performed near the building.
The building foundations, inferred by customised 3D ERT 
arrays, are strip footings located underneath the load bearing 
walls and extended up to 2 m in depth, therefore affecting only 
the shallow depths. The soil above the travertineous bedrock was 
investigated in detail using both HR electrical and seismic (P- 
and S-wave) tomographies. The inverted models clearly indicate 
the heterogeneity of the shallow subsoil along the building, 
which is partially founded on a weathered layer and partially on 
a more rigid lithotype related to coarse-grained sediments. 
Therefore, differential seismic amplification along the building 
may be caused by the heterogeneity of the shallow subsoil. In 
this light, the role of artifcially deposited soils and fillings can be 
very relevant for shallow foundations.
The proposed experimental procedure is rapid, low-budget, 
and completely non-invasive; it can be fully or partially executed 
according to the resolution required, the available budget, and 
the desired target.
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